A 3D graphical representation of DNA sequences has been derived from mathematical denotation of DNA sequence. The 3D graphical representation also avoids loss of information accompanying alternative 2D and 3D representation in which the curve standing for DNA overlaps and intersects itself. The geometrical centers of the 3D graph of DNA sequences indicate the distribution of base frequencies. An interesting phenomenon is observed for Goat and Gallus -globin genomes with high G+C content. The examination of similarities/dissimilarities among the coding sequences of the first exon of -globin gene of different species illustrates the utility of the approach.
Introduction
Mathematical analysis of the large volume of genomic DNA sequence data is one of the challenges for bio-scientists. Several authors present matrix representation and characterization sequence representation [4, 5] , but these approaches do not allow visual inspection of data. Graphical representation of DNA sequence provides a simple way of viewing, sorting and comparing various gene structures.
Recently, graphical techniques have emerged as a very powerful tool for the visualization and analysis of long DNA sequences. These techniques provide useful insights into local and global characteristics and the occurrences, variations and repetition of the nucleotides along a sequence which are not as easily obtainable by other methods. Several authors outlined different 2D graphical representation of DNA sequences [21, [6] [7] [8] 12, 20, 17, 15, 13, 22, 18, [1] [2] [3] [4] . Nandy [12] presents a graphical representation by assigning A(adenine), G(guanine), T(thymine), and C(cytosine) to the four directions of orthogonal axes in two dimensions, (−x), (+x), (−y), (+y), respectively. Such a representation of DNA is accompanied by (1) some loss of visual information associated with crossing and overlapping of the resulting curve by itself; (2) an arbitrary decision with respect to the choice of the direction for the four bases. The H-curve [4] is a 3D graphical representation of DNA sequences. The basic rule for constructing the H-curve is to move one unit Table 1 The coding sequences of the first exon of -globin gene of 11 different species
Species
Coding sequence [17, 15, 18] and Liao [21, [6] [7] [8] 10] present some 3D and 2D graphical representations, which also avoid the limitations associated with crossing and overlapping. But these representations are accompanied by the computations of L/L matrix and leading eigenvalue, which need a large number of time and space. In this paper, we introduce a new 3D graphical representation of DNA primary sequences, in which there is also no loss of information in the transfer of data from a DNA sequence to its mathematical representation ( Table 1) . Our approach is different than that of H-curve and Z curve [22] . The graphical representation we introduced is simple and direct, and requires no 2D projection or 3D stereo projections for it; however, it cannot uniquely represent a DNA sequence. Using our approach, one can find that the computation is simple.
3D graphical representation of DNA sequences
We assign four nucleic acid bases as follows:
That is to say, we assign A(adenine), G(guanine), T(thymine) and C(cytosine) to −x, +x, −y, and +y, respectively, while the corresponding curve extends along with z-axis. In detail, let G = g 1 g 2 · · · g n be an arbitrary DNA primary sequence. Then we have a map , which maps G into a plot set. Explicitly, (G) = (g 1 )(g 2 ) · · · (g n ), where
For example, the corresponding plot set of the sequence ATGGTGCACC is (1, 0, 5 6 ), (0, 1, 6 7 ), (−1, 0, 7 8 ), (0, 1, 8 9 ), (0, 1, 9 10 ) .
We call the corresponding plot set characteristic plot set. The curve connecting all plots of the characteristic plot set in turn is called characteristic curve.
Bases of DNA can be classed into groups, purine(A, G)/pyrimidine(C, T), amino(A, C)/keto(G, T) and week-H bond(A, T)/strong-H band(G, C). We can obtain only three representations corresponding to the three classifications.
Theorem. A DNA primary sequence is determined by any pair of its three characteristic curves.
Proof. Let G = g 1 g 2 · · · be an arbitrary DNA primary sequence. Then we have a map j , j = 1, 2, 3, which maps G into a set of triplets. Explicitly,
Thus, every g i corresponds a triplet ( 1 (g i ), 2 (g i ), 3 (g i )), from which the theorem follows immediately. Map 1 , 2 , 3 corresponds pattern ATGC, ATCG, AGTC, respectively. In Figs. 1-3 , we show the three characteristic curves representing the first 10 bases of the human first exon of -globin gene. 
Numerical characterizations
For any sequence, we have a set of points (x i , y i , z i ), i = 1, 2, 3, . . . , N, where N is the length of the sequence. Similar to Nandy's index scheme [19] , the coordinates of the geometrical center of the points, denoted by x 0 , y 0 and z 0 , may be calculated as follows:
Obviously, there are three geometrical centers:
, which corresponds to patterns ATGC, ATCG, AGTC, respectively. The direct biological meaning of x 0 , y 0 and z 0 is that they indicate the distribution of base frequencies.
For example, let the frequencies of bases A, C, G and T be a, c, g, and t, respectively. In pattern ATGC,
For any pattern, there are eight transforms. For example, in Fig. 4 , we assign A, G, T and C to −x, +x, −y, and +y, respectively, thus we get a characteristic curve ( Fig. 1 ). If we assign A, C, T, G to −x, +x, −y, +y, respectively, we can also obtain a characteristic curve (Fig. 2) , which also represents the considered DNA sequence though they are based on different order of the labels to the four semi-axes. In Fig. 5 , we list two class transforms: rotation of 90 • clockwise change and exchange. In Table 2 , we present eight transforms and their corresponding geometrical center (x 0 , y 0 , z 0 ) based on pattern AGTC. In Table 3 we present the three geometrical centers of the first exon of -globin gene belonging to 11 species.
Observing Table 3 , we can obtain some common features of 11 DNA primary sequences, respectively, that are not easily visible from sequences themselves. For example, 0 appears in the three geometrical centers of goat, which indicates c = t, c = a, t = a. We also can conclude that the number of base G is the largest among the frequency of Table 2 The corresponding transform table of the coordinates of the geometrical center (x 0 , y 0 , z 0 ) based on pattern AGTC occurrences of four letters for each sequence. An interesting phenomenon is also observed for Goat and Gallus -globin genomes with high G+C content.
Application
In order to facilitate the quantitative comparison of different species in terms of their collective parameters, we introduce a distance scale and an angle scale as defined below.
Suppose that there are two species i and j, the parameters are x 0 k (i), y 0 k (i), z 0 k (i) and x 0 k (j ), y 0 k (j ), z 0 k (j ), k = 1, 2, 3, respectively. And (x 0 1 , y 0 1 , z 0 1 ), (x 0 2 , y 0 2 , z 0 2 ), (x 0 3 , y 0 3 , z 0 3 ) corresponds to patterns ATGC, ATCG, AGTC, respectively. We will illustrate the use of the 3D quantitative characterization of DNA sequences with an examination of similarities/dissimilarties among the 11 coding sequences listed in Table 1 . We construct a nine-component vector consisting of the three geometrical centers. The underlying assumption is that if two vectors point to a similar direction in the 9D space, then the two DNA sequences represented by the nine-component vectors are similar. The similarities among such vectors can be computed in two ways: (1) calculating the Euclidean distance between the end point of the vectors;
(2) calculating the correlation angle of two vectors. The distance d ij between the two centers is
The angle ij between the two lines is
.
(3) Table 4 The similarity/dissimilarity matrix for the coding sequences of Table 1 Table 5 The similarity/dissimilarity matrix for the coding sequences of Table 1 The smaller the Euclidean distance is, the more similar the DNA sequences are. And, the smaller the correlation angle is, the more similar the DNA sequences are. That is to say, the distances or angles between evolutionary closely related species are smaller, while those between evolutionary disparate species are larger. Observing Tables 4 and 5 , we find gallus is very dissimilar to others among the 11 species because its corresponding row has larger entries. On the other hand, the more similar species pairs are goat-bovine, humangorilla, human-chimpanzee, gorilla-chimpanzee, goat-gorilla, rabbit-chimpanzee, human-mouse, bovine-gorilla, and bovine-chimpanzee. Similar results have been obtained by Randic [16] , He [5] and Liao [9] [10] [11] . Our approach also can be applied to complete sequences. Using a similar method, we obtain the similarity/dissimilarity matrix (see Table 6 ) for the 11 mitochondrial sequences belonging to different species. And the elements of the similarity matrix are used to construct phylogenic tree using the maximum parsimony method. In Fig. 6 , we show the phylogenic tree belonging to 11 species. Therefore, the classification of species provided that the numbers of their coding sequences are sufficiently large, and can be generally performed in terms of the two matrices as listed in Tables 4 and 5 . In other words, with the continuous increase in the number of coding sequences for various species, it is possible to perform the cluster analysis by the distance and angle matrices.
Conclusion
High complexity and degeneracy are major problems in previous DNA sequence representations. Our representation provides a direct plotting method to denote DNA sequences without degeneracy. From the DNA graph, the A, T, G and C usage as well as the original DNA sequence can be recaptured mathematically without loss of textual information. The current 3D graphical representation of DNA sequences provides different approaches for both computational scientists and molecular biologists to analyze DNA sequences efficiently. The advantage of our approach is that it allows visual inspection of data, helping in recognizing major similarities among different DNA sequences. And the elements of the similarity matrix are used to construct phylogenic tree.
